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X-ray free-electron lasers (FEL) deliver ultrabright X-ray pulses, but not the sequences of phase-
coherent pulses required for time-domain interferometry and control of quantum states. For conven-
tional split-and-delay schemes to produce such sequences the challenge stems from extreme stability
requirements when splitting A˚ngstrom wavelength beams where tiniest path length differences in-
troduce phase jitter. We describe an FEL mode based on selective electron bunch degradation and
transverse beam shaping in the accelerator, combined with a self-seeded photon emission scheme.
Instead of splitting the photon pulses after their generation by the FEL, we split the electron
bunch in the accelerator, prior to photon generation, to obtain phase-locked X-ray pulses with sub-
femtosecond duration. Time-domain interferometry becomes possible, enabling the concomitant
program of classical and quantum optics experiments with X-rays. The scheme leads to new scien-
tific benefits of cutting-edge FELs with attosecond and/or high-repetition rate capabilities, ranging
from the X-ray analog of Fourier transform infrared spectroscopy to damage-free measurements.
For a decade, ultrashort, intense and coherent X-ray
pulses for experiments in all fields of natural science have
been delivered by X-ray free-electron lasers (FEL) [1].
Missing are phase-locked pulses, i.e. pulse pairs with a
fixed phase relation, which would allow full exploitation
of the coherence properties and, thereby, extend coher-
ent control schemes to shorter than optical and ultravio-
let wavelengths [2–8]. Foremost, multiple coherent pulses
are required for many nonlinear X-ray spectroscopies. In
addition, they would also enable linear schemes, such as
time-domain X-ray interferometry (XRI) [7]. Conceptu-
ally, these techniques are based on quantum interference
of two photon fields with a variable time delay ∆t and
relative phase shift ∆φ. Spectral resolution is achieved
by Fourier analysis and only limited by the maximum
time delay at which interference is still measurable.
Generation of phase-locked high-energy photon pulses
has been proposed theoretically [9] and demonstrated in
the extreme ultraviolet [8, 10]. Here we introduce an X-
ray FEL operation mode, where high spectral resolution
is obtained from phase-locked ultrafast X-ray (PHLUX)
pulses which can be delayed by up to 100 fs. The scheme
is applicable in the soft and hard X-ray regime, does not
require elaborate spectrometer design and allows for tun-
ing of acquisition efficiency versus energy resolution via
the variable time delay and pulse duration. Compared
to other schemes [11], advantages are the availability of
larger time delays, as well as tunability of the relative
phase shift ∆φ and amplitude of the X-ray pulses. This
opens the door to coherent control and readout of pre-
pared states, as well as the possibility of damage-free
resonant X-ray scattering using pi-shifted pulse pairs.
Our approach to produce phase-locked pulses in the
soft and hard X-ray regime is to overlay a fully coher-
ent signal on an electron bunch that only lases in two
well-defined longitudinal slices. It is achieved with a new
(a) Multipole
magnets
Movable
mask
Dispersive section
Self-seeding
chicane1st stage:
SASE
2nd stage:
Seeded
Mono-
chromators
M
ov
ab
le 
in 
ve
rti
ca
l d
ire
cti
on
Electron
bunch
Long
delay
Short
delay
(b) (c)
Exit of
dispersive
section
1st
stage
2nd
stage
Long delay
Short delay
FIG. 1. (a) X-ray FEL beamline layout with a movable
micro-fabricated mask (blue) and higher-order multipole mag-
nets (purple) in a dispersive section, as well as the two undula-
tor sections (pink-green) that are separated by a self-seeding
chicane (grey-turquoise). (b) The movable mask features a
set of slots: one set preserves the electron bunch (pink) for
SASE generation, whereas two narrow slits define the un-
spoiled parts of the electron bunch from which the coherent
signal originates. (c) The electron bunch is shaped with non-
linear transverse tilts using multipole magnets and re-aligned
in the undulator section: for short (long) time delays it is
aligned on axis with the tails (central part) in the first and
the central part (tails) in the second stage.
method (see Fig. 1) that combines a ‘slotted’ foil [12, 13],
transverse tilting of the electron beam [14–16], and self-
seeding [17–21]. The latter is a two-stage process to gen-
erate coherent X-ray pulses: The first FEL stage con-
sists of a standard self-amplified spontaneous emission
(SASE) section, whose output is spectrally filtered by a
monochromator. This signal is then used as a ‘seed’ for
the second stage and overlapped with the ‘sliced’ parts
of the electron bunch. In our method, the electron beam
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2contains two parts defined by the slotted foil: one part is
unspoiled, while the other part is spoiled except for the
two regions, as defined by the slits on a micro-fabricated
mask [see Fig. 1(b)]. We separate the two regions trans-
versely and correct the global beam trajectory such that
one region is aligned to the SASE and the other region
to the self-seeding stage. As a result, the first part drives
the SASE section in saturation, while the two unspoiled
slices in the second region amplify the seed signal to pro-
duce a phase-locked pulse pair.
The required spatial separation of the two regions is
achieved by imposing a transverse tilt on the electron
bunch in the dispersive section [see Fig. 1(c)]. Thereby,
in both FEL stages either the central part or the tails of
the bunch is/are aligned to the undulator axis, whereas
the respective other part undergoes betatron oscillations
and does not contribute to the lasing process. The beam
tilt is imposed where also the micro-fabricated mask is
placed. Multipole magnets in the dispersive section can
be used to alter the longitudinal and transverse posi-
tion of the electron bunch which is then preserved down-
stream. Namely, quadrupole magnets result in linear,
sextupoles in quadratic, octupoles in cubic displacements
etc. A combination of a sextupole and a decapole mag-
net yields the desired step function profile indicated in
Fig. 1(c). To switch between short and long time de-
lays amongst the phase-locked pulses, the mask is moved
vertically and the alignment of the electron tilt is flipped.
Figure 2 shows the performance of the PHLUX mode,
in terms of radiation profile and spectrum, as well as
phase stability given the baseline capabilities of the
SwissFEL ATHOS soft X-ray branch [22], assuming a
seed energy of E ∼ 1097 eV and a self-seeding chicane
with a resolving power of 50’000. Here the PHLUX mode
is benchmarked in the soft X-ray regime, but the concept
is equally applicable to hard X-rays. To create a phase-
stable wave train the bandwidth of the monochromators
must be significantly smaller than the spectral width (in-
verse length) of individual SASE spikes [11]. The modal
structure in the spectrum depends on the temporal sep-
aration of the slices and, at the maximum ∆tmax = 96 fs
considered here, corresponds to an energy resolution of
1/∆tmax ∼ 45 meV assuming Fourier-limited pulses. A
peak radiation power of ∼ 2 GW results in a peak pho-
ton field strength of ∼ 1 MV/cm at the source point. To
reach non-linear driving regimes this field strength can be
further increased, e.g. the baseline focusing capabilities
of SwissFEL ATHOS allow for an increase by a factor of
∼ 50 at the sample position.
The total width of the spectrum, i.e. the number of
modes, depends on the slit width on the mask—wider
slits result in narrower spectra. PHLUX delivers a min-
imal pulse separation of ∆t ∼ 2 fs, which is limited by
the transverse size of the electron beam. In turn, it also
determines the slit width of the mask, i.e. the minimal
pulse duration. We note that 2 fs is the full-width-at-
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FIG. 2. (a) Radiation power profile of pulse pairs with a time
delay of ∆t = 20 (pink) and 96 fs (blue) at a seed energy of
E ∼ 1097 eV. (b) Close-up view of the radiation power P (up-
per panels) and phase φ (lower panels). Individual pulses have
a duration of 0.5 fs FWHM. The phase is evaluated with re-
spect to the central frequency of the seed. (c) Corresponding
radiation power spectrum with tunable interference fringes
which can be exploited for spectroscopy.
half-maximum (FWHM) of the electron slice, whereas
lasing occurs mainly from the central portion yielding a
shorter photon pulse length of 0.5 fs FWHM. Our scheme
is rather insensitive to accuracy of the micro-fabrication
process: Realistic tolerances, of order µm, result in pulse
length changes of less than 100 as and have negligible
effect on the phase and amplitude relation of the pulses.
Because the two pulses follow a common path, the
PHLUX scheme is fundamentally different and offers
much higher phase stability than conventional X-ray
split-and-delay approaches [23–25], where slight vibra-
tions in the delaying monochromators and mirrors trans-
late into phase jitter between the two pulses: For a cen-
tral photon energy of E ∼ 1097 eV, ∆φ = 1 rad corre-
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FIG. 3. Relative phase stability of the two X-ray pulses as
a function of the time delay ∆t = t2 − t1, benchmarked by
the first-order correlation function g(1)(t1, t2). Pink and blue
lines show the results assuming a self-seeding chicane with a
resolving power of 50’000 and 10’000, respectively.
sponds to a path length difference of only ∼ 1.8 A˚. This
translates into stability unachievable for standard setups,
typically consisting of eight optical elements which need
to be set and held in place with respect to each other.
In contrast, Fig. 2(b) shows that the peak-to-peak phase
stability of PHLUX is always much higher than at most
∆φ ∼ 60 mrad. The absolute phase φ is not controllable,
but, importantly, jitter in ∆t and φ, determined by the
mask stability and quality of the self-seeding monochro-
mator, does not affect ∆φ [11]. That is, the FEL itself is
used as a ‘perfect’ beam splitter which protects the phase
difference ∆φ from noticeable jitter. The clean two-slit
interference fringes in the radiation power spectrum [see
Fig. 2(c)], corresponding to the delay between pulses, at-
test to the quality of the pulse replication.
The phase stability of pulse pairs can be expressed by
the first-order correlation function, generally defined as
g(1)(t1, t2) =
〈E(t1)E∗(t2)〉√〈|E(t1)|2〉〈|E(t2)|2〉 .
E(t) is the radiation field, which is evaluated at the times
t = t1 of the peak of the first pulse and t2=t1+∆t, where
∆t is the pulse separation set by the machine parame-
ters and the position of the slotted foil in the electron
beam; due to the phase rigidity of the individual pulses
there is no need for evaluation of a further time inte-
gral. The average is calculated over many shots. To
calculate g(1) we consider that the starting signal arises
due to shot-noise of the incoherent spontaneous radiation
from the electron beam. Importantly, neither SASE am-
plification nor the self-seeding monochromators change
the white-noise characteristic of this starting signal [26].
Therefore, the coherence properties are defined by the re-
solving power of the monochromators and a Monte-Carlo
evaluation permits to determine the coherence function
g(1)(t1, t2). Amplification of two slices from the output
field of the monochromators then inherits these coherence
properties unless the pulses are driven deep into satura-
tion, which anyhow should be avoided since it distorts
the spectral quality of the FEL signal. Due to the na-
ture of white noise, a fixed phase relation also results in
a stable amplitude relation [27].
Figure 3 illustrates the relative phase stability as a
function of ∆t = t2 − t1, reconstructed via g(1)(t1, t2).
The signal degrades with increasing ∆t, indicating the
importance of a self-seeding chicane with highest possible
resolving power. g(1) = 1 means that the relative phase
difference between two pulses is stable over many shots
(coherent light), while for g(1) = 0 the relative phase
between pulses fluctuates randomly (chaotic light).
A source for the reduced stability at large ∆t could,
in principle, be intrinsic shot noise fluctuations, which
mainly affect the pulse phase at low seed power levels
(∼ 10 kW). However, this is not a concern for the pa-
rameters used here, since the electron bunch is driven
into saturation in the first FEL stage (MW seed power
levels). On the other hand, we find rather tight toler-
ances from electron beam parameters, such as the cur-
rent, energy, energy spread, and transverse offset. All
of these parameters impact the gain length and, thereby,
the phase from seeding to saturation. We note that this
not only forms a limitation but also provides a means to
tune the phase and amplitude relation of the pulses [11].
We turn now to the applications of our proposed X-
ray beam splitter. The first is to take advantage of
the power spectrum with tunable modulation and phase
[see Fig. 2(c)] to characterize absorption lines by their
Fourier transforms without moving a monochromator.
Spectroscopy can be performed by varying the phase
shift and/or the delay between the pulses and collect-
ing integrated counts on a detector [see Fig. 4(a)]. This
technique is in complete analogy with Fourier transform
infrared (FTIR) spectroscopy where the incident beam
is prepared in the spatial rather than the time domain
by positioning a mirror. Such measurements—now in the
X-ray regime—can underpin (optical) pump – (X-ray ab-
sorption) probe experiments of e.g. core-hole lifetimes
modified via photo-excited modulation of states at the
Fermi level. Judicious choices of Fourier components,
where ∆E is specified by particular values of ∆t, allow
for highly-efficient determinations of key parameters such
as the widths of well-defined lines.
Further possibilities exploiting the modulation illus-
trated in Fig. 2(c) and the presence of coherent processes
in the sample include resonant scattering performed with
and without an analyzer [see Fig. 4(b)]. The former en-
ables resonant inelastic X-ray scattering (RIXS) where
scans are performed by varying the incident beam mod-
ulation for fixed outgoing beam energies rather than
by moving a monochromator, and is complementary to
RIXS instrument concepts where the incident beam en-
ergy is encoded spatially on samples [28, 29]. Bench-
marking of frequency-domain RIXS against time-domain
XRI shows that the latter can be a game changer at high-
repetition rate X-ray FELs [11].
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FIG. 4. (a) Schematic of time-domain X-ray interferome-
try (XRI) experiments where an incident pulse pair (green)
with a fixed phase relation and time delay ∆t is transmitted
through (pink) or scattered by (purple) a sample. The respec-
tive signal is recorded on a charge-integrating area detector.
(b) Frequency-domain RIXS requires high-resolution gratings
before and after the sample for incident photon energy selec-
tion and analysis of the scattered signal. Instead, XRI does
not require a monochromator after the undulators and can
benefit from the multiplexing of an area detector.
Given that we are working with coherent beams on
timescales comparable to core-hole lifetimes, it is inter-
esting and important to consider that there is a similar
timescale τ for the liberation of electrons from the cores
of the atoms used for photodetection. This means, in a
semiclassical description, the detector actually measures
not simply the integral over the square of the impinging
time-dependent optical field A(t), but rather the integral
of the square of the convolution of A(t) with a proba-
bility amplitude for the release of the electrons from the
cores, which we take to decay exponentially as e−t/τ . The
detector signal is then given by
I = τ−2
∫ ∣∣∣∣∫ A(t′)e(t−t′)/τθ(t′ − t)dt′∣∣∣∣2 dt,
where θ(t) is a Heaviside step function.
Our ‘beam splitter’ produces optical fields which can
be regarded as sums of delta functions δ(t) in time,
which can undergo stretching, or be scattered from or
transmitted through a sample. Whether or not such
stretching occurs, the basic physics of what is measured
by the detector is still captured by assuming A(t) =
A1δ(t) +A2δ(t−∆t) from which one obtains
I ∝ |A1|2 + |A2|2 + 2 Re(A1A∗2)e−∆t/τ .
The phase coherence of the pulse pairs guarantees that
over timescales set by decoherence in the detector, i.e.
τ & ∆t, there will be visible interference terms which
measure directly the correlation between scattering am-
plitudes at different times from a sample. Thus, if we
consider that the momentum transfer q is defined by
the position of the relevant pixel on the detector [see
Fig. 4(a)], we are seeing the intermediate scattering func-
tions F (q, t) from the sample, which is proportional to
the Fourier transform in space of the time-dependent
two-particle correlation functions G(r, t) for generalized
charge and/or magnetization densities.
On the other hand, for τ  ∆t, we will simply see
the superposition of the ordinary scattering patterns,
i.e. I ∝ |A1|2 + |A2|2, and we can, by averaging over
many pulse pairs, only measure the four-particle corre-
lation function associated with speckle [30]. The ergodic
theorem tells us that speckle should rigorously vanish
in the infinite volume limit for systems at equilibrium
[27]. However, the requirements for ergodicity are hardly
met for many samples of contemporary interest, and our
scheme will allow speckle correlations to be measured at
unprecedentedly short times. We note though that min-
imal speckle represents an advantage for isolating the
interference terms probing the two-particle correlation
functions, and for following these to ∆t > τ .
We turn now to what may well be the most far-reaching
implication of an X-ray beam splitter featuring phase-
locked pairs of sub-fs pulses: the possibility of imple-
menting the full program of quantum optics with X-rays.
In particular, our scheme permits tuning of the phase dif-
ference and amplitudes of the two pulses [11], enabling
coherent control and readout of prepared states, e.g. in
photon-echo type experiments, which at FELs have been
demonstrated in the far infrared [5, 31, 32] and more
recently also extreme ultraviolet regime [8]. The latter
builds on a combination of phase-modulated seed pulses
and high-gain harmonic generation with which Ramsey
fringes have been detected up to E = 47.5 eV. However,
this approach cannot delay pulses less than ∆t ∼ 150 fs,
which is long compared to the decoherence times τ for ex-
citations of atomic cores (that is also relevant for the de-
tector as described above). In contrast, with the PHLUX
scheme pulses are ‘split’ in the electron accelerator which
permits application at much higher (soft and hard X-ray)
energies and provides access to a larger momentum range.
The addition of multiple evenly-spaced slits on the micro-
fabricated mask is an extension of the design shown in
Fig. 1(b) and yields a train of phase-stable sub-fs pulses,
i.e. an X-ray frequency comb.
Importantly, using our mode ∆t can also be reduced
to a few femtoseconds. In combination with the tun-
ability of ∆φ this allows for two few-fs delayed X-ray
pulses with a phase difference of ∆φ = pi. Beyond a crit-
ical threshold intensity, self-induced transparency occurs
when short coherent light pulses interact with a dense
5medium, resulting in anomalously low absorption [33–
35]. Namely, this holds when, within an excitation cycle,
the same amount of energy is coherently absorbed by a
resonant two-level system, as is coherently emitted there-
after. For the single pulse experiments performed to date
scattering is eliminated along with absorption [36, 37].
PHLUX enables generalizations of such experiments to
pairs of pi-shifted pulses, where the first pulse resonantly
excites and, shortly thereafter, the second pulse reso-
nantly de-excites the sample. Such a sequence could take
place on timescales faster than radiation damage occurs
and, nonetheless, would allow certain scattered signals to
emerge. This would represent another potential route,
in addition to ghost imaging [38], to damage-free X-ray
scattering, with profound implications for all fields of X-
ray science, particularly also for first-principle structure
determination of solids and biological samples.
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SUPPLEMENTARY MATERIALS
Methods
Simulations of the phase-locked ultrafast X-ray
(PHLUX) mode were carried out with the 3D time-
dependent free-electron laser (FEL) code Genesis 1.3
[39][40], using the parameters of the SwissFEL ATHOS
soft X-ray beamline [22] at a seed photon energy of
E = 1097 eV. The input was prepared to model the
emittance degradation from the mask and the seed sig-
nal. This also included variation of beam parameters for
the slotted foil location to study the tolerances in the
FEL performance. In addition, the particle tracker Ele-
gant [41] was used to simulate the effect of the slotted foil
on the electron bunch and the tilt with the higher-order
multipole magnets in the dispersive section of the beam-
line. After the tracking with Elegant the sliced beam
parameters were analyzed to generate the corresponding
input for the Genesis simulation.
7Validation of Beam Dynamics Simulations
Genesis 1.3 [39] is one of the most commonly used
codes for designing FEL facilities or to verify and inter-
pret beam dynamics data. Since reproducing the results
from the first hard X-ray lasing of LCLS [42] the code has
been expanded to also include more advanced modelling,
such as the recent echo-enabled harmonic generation ex-
periment at FERMI [43], which is extremely challenging
due to the high harmonic conversion from 260 down to
4 nm. The simulation also agrees well with the perfor-
mance of the SwissFEL ARAMIS hard X-ray beamline
[44], all of which ensure our modelling capability of ad-
vanced operation modes such as PHLUX.
Discussion on the Self-Seeding Resolving Power
For the self-seeding efficiency, we assume a resolving
power of 50’000 such that the seed signal is coherent over
the 100 fs length of the electron bunch. We note that this
particular aspect is currently not implemented in the de-
sign of the SwissFEL ATHOS beamline. For comparison,
the resolving power of the LCLS soft X-ray self-seeding
experiment using a 4 m long break [20] yields coherence
times of 10 − 20 fs and, therefore, would not fulfil the
requirements for phase-locked double pulses with a sepa-
ration of more than 50 fs. For improvement, alternative
schemes using harmonic radiation could be used [45] or
more space for the monochromators would have to be
allocated.
Comparison to Other FEL Modes
Table SI compares the PHLUX scheme to other, more
standard operation modes. Namely, conventional self-
seeding leads to similar radiation power levels of ∼ GW,
but pulses are ∼ 100 times longer. We note that conven-
tional self-seeding comes along with a broad ‘pedestal’
background in the spectrum that reduces the coherent
fraction of the self-seeding spike, where the integrated
area of the pedestal depends on the exact conditions in
the accelerator.
The scheme proposed by Thompson and McNeil [9] de-
livers trains of few-femtosecond delayed X-ray pulses and
builds on the availability of a modulation laser and mag-
netic chicanes in-between undulator modules. PHLUX,
on the other hand, requires a self-seeding chicane with
a very high resolving power and high-order beam tilts
which also has not yet been demonstrated. In return, it
allows producing two or more phase-locked pulses with
large time delays of up to ∼ 100 fs.
Sources of Beam Jitter
Next, we elaborate on the stability of the relative phase
∆φ between the two pulses with respect to jitter in the
electron beam properties. Unlike conventional split-and-
delay methods, jitter in the time separation between the
two pulses affects the PHLUX operation mode less, since
∆φ is given by the monochromator settings (see section
Tuning of the Phase Difference and Radiation Power),
as well as the electron bunch phase space portrait going
into the undulators after the initial seeding stage. Also,
FEL amplification of the two ‘sliced’ pulses enhances the
amplitude of the radiation by several orders of amplitude,
but changes the radiation phase of the seed only very
little. Therefore, interference of the two pulses remains
constructive at the central wavelength of the seed signal.
Only the modulation within the envelope of the power
spectrum [see inset of Fig. 2(c)] varies with jitter but the
central line remains unchanged. Moreover, there is also
only a weak phase variation if the growth rate of the FEL
amplification process between the two slices changes from
shot to shot.
Since global jitter, such as the electron beam mean
energy jitter, affects both slices equally, the phase rela-
tion between the two FEL pulses remains unchanged and,
therefore, the stability of the central frequency in the in-
terference spectrum is preserved. Only relative beam pa-
rameter jitters have an effect on ∆φ, but they are much
smaller than global jitter. Figure S5 shows the depen-
dence of the radiation power and phase relation on the
most important jitter sources. At the SwissFEL ATHOS
beamline we expect that the relative peak current and
energy spread varies by less than 1% and, thus, do not
significantly contribute to jitter between the two pulses.
Concerning the relative mean energy and trajectory jit-
ter, the standard requirements to operate self-seeding,
e.g. < 10−4 mean energy and < 10 µm orbit stability,
already imply acceptable phase and power jitter between
the two pulses.
Benchmarking Against Frequency-Domain RIXS
In recent years, resonant inelastic X-ray scattering
(RIXS) has become a powerful experimental technique
for spectroscopy of molecular systems [46] and quantum
matter [47] via mapping of the energy and momentum
transfer relations, where elemental selectivity is achieved
by tuning the X-ray energy to particular elemental ab-
sorption edges. The inelastic cross section is related to
the dynamic structure factor, which at synchrotrons is
measured using sophisticated spectrometers [28, 48–50]
that, however, feature low scattering efficiencies and en-
ergy resolutions of tens of meV at best.
As depicted in Fig. 4(b), frequency-domain RIXS em-
ploys high-resolution gratings before and after the sample
8Parameter PHLUX Self-seeding SASE
Peak power P0 P0 2P0
Power fluctuation small small 100%, on average P0
Pulse length (FWHM) t0 100 t0 100 t0, but with t0 spikes
Spectral width Fourier limit Fourier limit Not Fourier-limited, effectively as t0 spikes
Spectral peak intensity 1 1002 100
TABLE I. Comparison of the PHLUX, standard self-seeding and self-amplified spontaneous emission (SASE) operation modes.
For the parameters considered here P0 ∼ GW and t0 ∼ 0.5 fs.
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FIG. 5. Dependence of the relative phase difference ∆φ (a-d) and radiation power ∆P (e-h) of two phase-locked X-ray pulses
upon variation of the current ∆I, mean energy ∆E, energy spread ∆σE and axial alignment ∆x of the electron bunch. For
the expected variations at the SwissFEL ATHOS beamline, the resulting influence on the temporal separation/fluctuations of
the two pulses is negligible and rather determined by the mask stability.
to select the incoming and outgoing photon energy, re-
spectively. Meanwhile, time-domain X-ray interferome-
try (XRI) only requires at most one dispersive element to
analyse the emission spectrum and allows for use of large
area detectors which both increase the measurement ef-
ficiency and, at the same time, substantially reduce the
complexity of instruments. In addition, by changing the
sample-detector distance and maximum time delay ∆t
versus time step size, within the Fourier limits XRI al-
lows for independent tuning of momentum and energy
resolution, respectively.
For time-domain XRI measurements, photons are de-
livered to the sample in a fixed spectral bandwidth
∆ωrange ∼ 1/τpulse. A measurement at n different time
delays ∆t yields a spectral resolution of ∆ωres ∼ 1/(n∆t).
The signal is then proportional to the number of photons
deposited in a resolution bin of width ∆ωres, correspond-
ing to the number of photons deposited per step ∆t.
For frequency-domain measurements, photons are de-
livered in n steps within a narrow bandwidth ∆ωres by
scanning a central frequency ωc over a frequency range
∆ωrange. The signal is then proportional to the number
of photons deposited on the sample per step ωc.
Therefore, the parameters relevant for benchmarking
are the number of photons per unit time within the band-
width ∆ωres for frequency-domain measurements and
the number of photons per unit time in PHLUX pulse
pairs for time-domain XRI. Assuming a resolving power
ω0/∆ωres of 50’000, about ∼ 1010 photons are delivered
by a PHLUX pulse pair, resulting in ∼ 1012 photons per
second at the 100 Hz repetition rate of SwissFEL [22].
At a third generation synchrotron the numbers are of
similar magnitude, e.g. the ADRESS beamline at the
Swiss Light Source [51] provides about ∼ 2 · 1012 pho-
tons per second at the same resolving power. This shows
that XRI at a Cu-based low-repetition rate X-ray FEL
roughly breaks even to conventional synchrotron-based
RIXS. In turn this also implies that the scheme can be
game changing at next-generation superconducting X-ray
FELs [52] where it fully benefits from the kHz to MHz
repetition rate. An additional gain of XRI in terms of ef-
ficiency, when used without an analyser (e.g. when either
time-dependent speckle or direct amplitude interference
terms are being measured), stems from multiplexing in
momentum-space which is enabled by the use of large
area detectors.
9Tuning of the Phase Difference and Radiation Power
The relative phase difference ∆φ between the two X-
ray pulses can be controlled by a slight detuning of the
self-seeding monochromator: If the beam energy, un-
dulator field and central wavelength of the self-seeding
monochromator are identical, then the phase along the
seed pulse is constant. Detuning of the later induces a lin-
ear spatial change of the seed pulse phase. Consequently,
also the sliced portions of the pulse then feature a phase
difference given by
∆φ = (kMC − kR)c∆t,
where c is the speed of light. kMC and kR are the kinetic
energies of the self-seeding monochromator and radiator,
respectively. For example, a seed photon energy of E =
1097 eV and time delay of ∆t = 7 fs requires a relative
detuning of 2.7 ·10−4 for a pulse-to-pulse phase difference
of ∆φ = pi. Such manipulation is difficult for pulse pairs
that overlap in time, but else this variant of the PHLUX
scheme does not represent a major restriction in terms of
operation.
The total radiation power is tunable by use of a so-
called laser heater [53] or by removing/adding undula-
tor modules that contribute to the lasing process. The
relative amplitude or rather radiation power ∆P of the
two pulses can then be varied by, for example, adding
a transverse or energy chirp to the beam. That way,
the radiation power of the two phase-locked pulses can
be individually adjusted, e.g. for Ramsey (pi/2-pi/2) or
Hahn-echo (pi/2-pi) type experiments.
